On the surface of eowpea protoplasts inoculated with cowpea mosaic virus (CPMV), tubular structures containing virus particles have been found. Such tubular structures are thought to be involved in cell-to-cell movement of CPMV in cowpea plants. To study the involvement of the 58K/48K and capsid proteins of CPMV in the formation of the tubular structures, mutations were introduced into M eDNA clones from which infectious transcripts could be derived. No tubules were found on protoplasts inoculated with a mutant that fails to produce the 48K protein nor with a mutant that has a deletion in the 48K coding region, suggesting that the 48K protein is essential for this process. However, a possible role of the 58K protein in tubule formation could not be excluded. A mutant that fails to produce the capsid proteins did produce tubules and therefore the capsid proteins are not involved in the formation of the tubular structures. Electron microscopic analysis revealed that the tubules produced by this mutant are, apart from the absence of virus particles, morphologically identical to the tubules formed by the wildtype virus.
Cowpea mosaic virus (CPMV) has a bipartite plusstrand RNA genome (Eggen & van Kammen, 1988) . The larger B RNA encodes the functions necessary for the replication of the RNAs and is able to replicate independently of the M RNA in protoplasts (Goldbach et al., 1980) . The M RNA is essential for successful infection of plants and encodes proteins that are involved in cell-to-cell movement of the virus (Rezelman et al., 1982; . Both RNAs are translated into polyproteins that are cleaved into functional proteins by a B RNA-encoded protease (Vos et al., 1988) . The M RNA is translated into two polyproteins, of MrS 105K and 95K, that are processed to give the overlapping 58K and 48K proteins and the 60K precursor of the capsid proteins VP37 and VP23 (Franssen et al., 1982) . Using infectious transcripts derived from eDNA clones of the M RNA it was shown that the 58K/48K protein pair and the capsid proteins are required for cell-to-cell movement of CPMV . In CPMV-infected plants tubular structures containing virus particles are observed in the plasmodesmata (van Lent et al., 1990 (van Lent et al., , 1991 . These tubular structures can be labelled with antiserum against the 58K/48K proteins and are thought to play a major role in cell-to-cell movement of the virus. Recently, van Lent et al. (1991) showed that these tubular structures are not only induced in infected cowpea plant cells but also in cowpea protoplasts inoculated with CPMV. In these protoplasts the tubules are formed at the surface of the cell and protrude into the culture medium. Since the 48K protein is detected in the medium of protoplasts inoculated with CPMV (Wellink et al., 1987) , it is plausible that the 48K movement protein is a structural component of the tubular structures. Whether the tubular structures also contain other viral proteins or host proteins has not yet been established. In this paper we describe the use of mutant M RNAs of CPMV to study the involvement of the 58K/48K proteins and the capsid proteins of CPMV in the formation of the tubular structures on protoplasts.
The DNA techniques used in this research were essentially carried out as described by Sambrook et al. (1989) . Plasmids pTM 1G and pTB 1G contain full-length cDNA copies of the M and B RNAs of CPMV respectively (Eggen et al., 1989) . Plasmid pBS'M (O. Le Gall, unpublished) contains a full-length cDNA clone of the M RNA derived from pTM1G in pBSKS ÷ (Stratagene).
In order to obtain a mutant M RNA which coded only for the 58K/48K proteins, pTM58S was constructed by site-directed mutagenesis of pBS'M with the oligonucleotide 5' GGC-AAA-CAA-GTT-TTA-GGC-CTA-TTG-TGG-AAA-AGC Y, as described by Kunkel (1985) . This resulted in the creation of two stop codons The two other mutant M RNAs used in this study contain mutations in the 58K/48K coding region. MAAUG2/3 RNA lacks the two start codons used for initiation of translation of the 95K (48K) protein (construction of this mutant, in which the AUG codons at positions 512 and 524 have been changed into UUC and AGU respectively, will be described in detail elsewhere) and MAP RNA has a deletion of 486 nt in the coding region for the 58K/48K proteins ( Fig. 1 ; . The integrity of the mutant M RNAs was tested by in vitro translation in rabbit reticulocyte lysates. M58S RNA produced 58K and 48K proteins, MAAUG2/3 RNA produced a 105K protein and MAP RNA produced 88K and 78K proteins as expected (data not shown).
The infectivity of the mutant M RNAs was tested by inoculation of cowpea protoplasts with the transcripts together with the wild-type B RNA derived from pTB 1G as described by Eggen et al. (1989) . Infection of the protoplasts was established by an immunofluorescence test as described by van Lent et al. (1991) using anti-24K serum to check for the replication of B RNA and anti-58K/48K and anti-CPMV sera to detect replication of M RNA.
The infectivity of M58S was concluded to be very low because no fluorescent protoplasts could be found with anti-58K/48K serum. We reasoned that the remaining long non-coding sequence downstream of the 58K/48K coding region might cause instability of the transcripts derived from pTM58S and therefore we decided to construct a plasmid with a deletion in this sequence. Starting from the plasmid pTM58S a fragment was removed from the newly created StuI site up to NaeI (3172) resulting in pTM58SA5 (Fig. 1) . When in vitro transcripts of this construct were translated in vitro they produced 58K and 48K proteins as expected (data not shown).
The replication level of the mutant was tested by inoculation of protoplasts with transcripts derived from the plasmid followed by Northern blot analysis of RNA extracted from the protoplasts at 70 h post-infection . The results showed that the replication level increased after the deletion in the coat protein precursor coding region (data not shown). When judged by immunofluorescence, the percentage of cells infected with M58SA5 RNA was very similar to the percentage obtained with wild-type M RNA, which was arbitrarily set at 100% (Table 1 ). Therefore M58SA5 * The proportion ofprotoplasts inoculated with wild-type M and B RNA that stained with anti-CPMV serum and anti-58K/48K serum was arbitrarily set to 100 % and corresponds to 35 % of the protoplasts.
t As determined by immunofluorescence and electron microscopy. With the anti-58K/48K serum. § Protoplasts inoculated with this mutant showed staining spread all over the cell and occasional staining of the nucleus. RNA was used in further experiments. The infectivity of MAP RNA and MAAUG2/3 RNA was about 75 % and 50 % respectively, as determined by immunofluorescent staining (Table 1) .
To test whether the M58SA5 RNA was still able to support an infection of a whole plant, primary leaves of 10-day-old cowpeas were inoculated with B transcripts and this mutant M RNA. As expected, the mutant was not able to spread from cell to cell as viral proteins could not be detected in the inoculated leaves using Western blot analysis (see .
To study the involvement of the capsid proteins and the 58K/48K proteins in the formation of the tubular structures on protoplasts, protoplasts were inoculated with the mutant M RNAs together with B RNA and screened for the presence of tubular structures by immunofluorescence microscopy with the anti-58K/48K serum and electron microscopy, as described by van Lent et al. (1991) . Using the immunofluorescence test with anti-58K/48K serum, no tubular structures were found on protoplasts inoculated with the 58K/48K protein mutants MAP and MAAUG2/3 or B RNA alone, whereas the control protoplasts inoculated with wildtype M and the protoplasts inoculated with the capsid protein mutant M58SA5 did show tubular structures (Table 1 ). The absence of tubular structures on protoplasts inoculated with the mutants MAP and MAAUG2/3 and B RNA alone was also confirmed by electron microscopy. These results suggest that the 48K protein is involved in tubule formation. However, it is possible that the 58K protein also has a role in this process. The 58K protein produced by MAAUG2/3 RNA is modified at three positions due to mutagenesis of the start codons of the 48K protein (Met512 to Phe, Met524 to Ser and Ser525 to Thr) which could have resulted in a protein that was no longer able to induce tubular structures. It is not possible to study whether the expression of only the 48K protein results in tubule formation, because mutations in the N terminus of the 58K protein abolish the infectivity of the RNA Holness et al., 1989; H. van Bokhoven et al., unpublished) .
Previously, it has been proposed that the 48K protein of CPMV is a structural component of the tubule wall (van Lent et al., 1991) . Aggregation of 48K proteins that are produced in large quantity during the infection process could be the mechanism that leads to the generation of the tubular structures. In addition, the 48K protein may induce a host protein to copolymerize (a cytoskeleton component for example).
As expected, electron microscopic examination of tubular structures induced by M58SA5 transcripts revealed that these structures did not contain virus particles due to the absence ofcapsid proteins (Fig. 2c, d ). Besides this they appeared to be morphologically identical (dimensions of the tubule wall, presence of the plasma membrane) to the tubular structures present on protoplasts inoculated with wild-type M and B transcripts (Fig. 2) . The capsid proteins therefore have no role in the induction and growth of the tubules. On the other hand it is very likely that a specific interaction between the virus particles and the tubule wall takes place because the particles always appear to be neatly arranged in the tubules ( Fig. 2a, b; van Lent et al., 1990 Lent et al., , 1991 . An intriguing question which remains to be answered is whether virus particles actually move through the tubules.
Previously, staining with the anti-58K/48K serum of the nucleus of protoplasts inoculated with wild-type CPMV has been observed (van Lent et al., 1991) . Also, in protoplasts inoculated with the mutants MAAUG2/3 and M58SA5, staining of the nucleus could be observed which in the case of MAAUG2/3 was somewhat weaker than for the wild-type (Table 1) . Protoplasts infected with MAP RNA showed staining with the anti-58K/48K serum over the entire protoplast, probably because the 58K and 48K proteins produced by this mutant are not intact and accumulate in the cytoplasm. Occasionally, fluorescent staining of the nucleus could be observed as well. The results strongly suggest that the fluorescent staining of the nucleus is mainly due to the 58K protein.
Whether the presence of the 58K protein in the nucleus of cowpea protoplasts is essential for the function of this protein or is an artefact of the protoplast system is not clear.
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